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Introduction
Acute graft-versus-host disease (aGVHD) is a common complication contributing to the morbidity and mortality after allogeneic hematopoietic stem cell transplantation (HSCT). There are currently very few biomarkers available to identify patients at risk for aGVHD. Much work has been done to investigate aGVHD pathogenesis using proteomics approaches (1) (2) (3) (4) (5) . Metabolomics aims to measure the global dynamic metabolic response
BACKGROUND.
There are very few studies investigating metabolic biomarkers to predict acute graft-versus-host disease (aGVHD) after allogeneic hematopoietic stem cell transplantation (HSCT). Metabolic models can provide a framework for analyzing the information-rich omics data sets in this setting.
METHODS.
Four hundred and fifty-six samples from one hundred and fourteen consecutive patients who underwent HSCT from January 2012 to May 2014 were collected for this study. The changes in serum metabolite levels were investigated using a gas chromatography-mass spectrometry-based metabolomics approach and underwent statistical analysis.
RESULTS.
Significant metabolic changes were observed on day 7. The stearic acid/palmitic acid (SA/PA) ratio was effective in the diagnosis of grade II-IV aGVHD. Multivariate analysis showed that patients with high SA/PA ratios on day 7 after HSCT were less likely to develop II-IV aGVHD than patients with low SA/PA ratios (odds ratio [OR] = 0.06, 95% CI 0.02-0.18, P < 0.001). After the adjustment for clinical characteristics, the SA/PA ratio had no significant effect on overall survival (hazard ratio [HR] = 1.95, 95% CI 0.92-4.14, P = 0.08), and patients in the high SA/PA ratio group were significantly more likely to relapse than those in the low ratio group (HR = 2.26, 95% CI 1.04-4.91, P = 0.04).
CONCLUSION.
Our findings suggest that the SA/PA ratio on day 7 after HSCT is an excellent biomarker to predict both aGVHD and relapse. The serum SA/PA ratio measured on day 7 after transplantation may improve risk stratification for aGVHD and relapse after allogeneic stem cell transplantation. of living systems to biological stimuli or genetic manipulation and focuses on understanding systemic changes over time in complex multicellular systems (6) (7) (8) . It is a useful tool in the identification of disease biomarkers, investigation of pathogenesis, and treatment of diseases (9) (10) (11) (12) . aGVHD development and treatment inevitably affect metabolic processes. The aim of the present study was to investigate potential metabolic serum biomarkers associated with aGVHD and their potential value in prognosis.
In this study, changes in serum metabolite levels on days -9, 0, 7, and 14 after transplantation were investigated using an untargeted gas chromatography-mass spectrometry (GC-MS) technique. Multivariate and univariate statistical analyses were used to select the differential metabolic features. The ratio of two metabolites (stearic acid/palmitic acid [SA/PA]) was considered as a single biomarker. Clinical data and serum samples after hematopoietic stem cell transplantation were available from 114 patients transplanted at The First Affiliated Hospital of Soochow University. Serum samples were collected on days -9, 0, 7, and 14 after transplantation. We randomly selected 13 patients with 0-I aGVHD and 15 with II-IV aGVHD to set up a discovery set. The rest of the patients (59 with aGVHD 0-I and 27 with II-IV aGVHD) were included in the validation set. Our metabolic analyses always began with the discovery set. Significant metabolic changes were observed on day 7 (P < 0.001). The ratio of two metabolites (stearic acid/palmitic acid [SA/PA]) was considered as a single biomarker. Logistic regression, Cox regression, competing-risks regression, and leave-one-out cross-validation were used to evaluate the association of the potential metabolites with the occurrence of aGVHD, overall survival, progress-free survival, relapse, and mortality without relapse. 
C L I N I C A L M E D I C I N E
We evaluated the potential of this biomarker in predicting aGVHD risk and relapse ( Figure 1 ).
Results
Discovery and validation of aGVHD biomarkers. Changes in serum metabolites on days -9, 0, 7, and 14 after transplantation were investigated. Sixteen metabolites were detectable in patients with 0-I aGVHD or II-IV aGVHD (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.99672DS1). Significant metabolic changes were observed on day 7 ( Figure 2 , P < 0.01). The t test and receiver operating characteristic (ROC) curve analyses showed differences in PA and SA between the two groups of patients (P < 0.05, AUC = 0.723; Figure 3 , A and B, and Supplemental Table 1 ). PA levels were lower and SA levels were higher in the 0-I aGVHD group of patients) than in the II-IV aGVHD group of patients. The ratio of these two metabolites (i.e., SA/ PA) was significantly different between the two groups of patients on day 7 ( Figure 4 ). The SA/PA ratio was more effective in the diagnosis of II-IV aGVHD compared with either of the two metabolite biomarkers alone, indicating improved diagnostic performance (P < 0.01, AUC = 0.836, Figure 3C ). Evaluation of a validation set of 86 patients (59 patients with 0-I aGVHD and 27 patients with II-IV aGVHD) confirmed the improved diagnostic performance (P < 0.01, AUC = 0.719, Figure 3D ). The model with the SA/PA ratio was superior to the model with PA or SA in predicting aGVHD on day 7 after transplantation. We next performed univariate analyses to predict the occurrence of aGVHD with SA, PA, and the SA/PA ratio as well as the following clinical characteristics: sex, age, disease type, disease status, risk stratification, stem cell source, HLA match, ABO blood type match, donor/recipient sex match, conditioning, and the number of reinfused mononuclear and CD34 + cells. Our data show that stem cell source and donor/recipient sex match, which were included in the subsequent models, were associated with the occurrence of aGVHD. We divided patients into low and high SA/PA groups on the basis of Youden index using a cutoff value of 0.731 (13) . Multivariate analysis showed that both SA and the SA/PA ratio decreased, whereas PA increased, the likelihood of II-IV aGVHD. Compared with patients with low SA/PA, patients with high SA/PA were less likely to develop II-IV aGVHD (odds ratio [OR] = 0.06, 95%CI, 0.02-0.18, P < 0.001; Supplemental Table 2 ). Comparison of ROC curves for the clinical characteristics alone with those for the clinical characteristics combined with PA, SA, and the SA/PA ratio to predict aGVHD showed significant increases in the AUC in all markers when combined with clinical characteristics ( Figure 5) ; the SA/PA ratio had a significantly larger AUC than PA (P = 0.006) or SA (P = 0.01). According to the leave-one-out cross validation, the prediction accuracy of the model with SA/PA was 0.807.
Patients with a high SA/PA ratio on day 7 after transplantation were more likely to experience relapse, although there was no significant difference in nonrelapse morality and overall survival between the high and low SA/PA groups. Since Figure 3 . The t test and ROC curve analysis results from the 0-I and II-IV aGVHD groups of patients. The t test and ROC curve analyses showed differences in PA, SA, and the SA/PA ratio between the two groups of patients in the discovery set (A, B, and C; n = 28; P < 0.05, AUC > 0.7). The SA/PA ratio was more effective in the diagnosis of II-IV aGVHD compared with each of the two metabolite biomarkers alone. These data are confirmed by the results from the validation data set (D; n = 86; P < 0.01, AUC = 0.719).
aGVHD is one of the major causes of death after transplantation, we analyzed the association of the clinical characteristics and biomarkers with overall survival. In univariate analyses, disease type, disease status, risk stratification, HLA match, and conditioning were associated with overall survival (P < 0.05). After adjustment for these significant clinical characteristics, the SA/PA ratio had no significant effect on overall survival (hazard ratio [HR] = 1.95, 95% CI 0.92-4.14, P = 0.08; Supplemental Table 3) .
We next investigated possible relationships between the biomarkers and the relapse rates because relapse and nonrelapse mortality were the most important factors in disease progression. Patients were divided into low and high SA/PA ratio groups. The cutoff point of 1.3667 was obtained by using a visual assessment of the functional form of the association of the SA/PA ratio with patients' outcome (i.e., a plot of Martingale residuals from a null Cox model against the SA/PA ratio) (14) . The cumulative incidence was analyzed based on this cutoff. Relapse was more frequent in the patients with high compared with low SA/PA ratios (P = 0.04), although there was no significant difference in nonrelapse mortality between the two groups (P = 0.89; Figure 6 ). However, some patients died without relapse, which could be considered as a competitive risk in relapse rate analysis. Therefore, we introduced competing risk regression to further explore the association of relapse and the SA/PA ratio. In all analyses, we treated nonrelapse mortality as a competing factor. The following clinical characteristics were included in the model based on the results from the univariate analyses: disease type, disease status, risk stratification, and conditioning. After adjustment for these variables, patients in the high SA/PA ratio group were significantly more likely to relapse than those in the low ratio group (HR = 2.26, 95% CI 1.04 to 4.91, P = 0.04; Supplemental Table 4 ). We also analyzed the potential association of the CMV and EBV reactivation and bacterial infection within 30 days after transplantation with the biomarkers. PA, SA, and the SA/PA ratio had no significant association with CMV or EBV reactivation or bacterial infection (Supplemental Table 5 ).
Discussion
It has been reported that the type of saturated fatty acid present in the diet can significantly affect lymphocyte functions and the immune system (15) . In our untargeted metabolomics study, we found that patients with lower serum SA/PA ratios were more likely to develop aGVHD after transplantation, suggesting an important role of saturated fatty acid intake in the pathogenesis of aGVHD. The dynamic change in the ratio of stearic to palmitic acid observed in samples collected on different days before and after hematopoietic stem cell transplantation (0-I aGVHD, n = 72; II-IV aGVHD, n = 42). The ratio of these two metabolites was significantly different between the two groups of patients on day 7 after transplantation based on t test (***P < 0.001). insight.jci.org https://doi.org/10.1172/jci.insight.99672
C L I N I C A L M E D I C I N E
SA was reported to selectively inhibit T cell-dependent immune responses in vitro (17, 18) , and SA accumulation in macrophages can induce Toll-like receptor 4/2-independent inflammation, resulting in endoplasmic reticulum stress-mediated apoptosis (19, 20) , which could further help prevent aGVHD. However, in animal models, NK cell activity was lower in the spleens from animals fed SA than those fed PA (15). Olson et al. reported that NK cells can inhibit aGVHD (16) . These observations indicate that SA may reduce aGVHD risk through T cells instead of NK cells.
PA has been thought to be related to inflammation since it can induce IL-6 mRNA expression and protein secretion, which may result in aGVHD (21, 22) . A recent study showed that inhibition of the IL-6 signaling pathway attenuated aGVHD, and an increase in the absolute number of Tregs was also observed in this process (23) . Therefore, PA may trigger aGVHD through an immune response involving elevated IL-6 levels. Fatty acids can also modulate secretion of other cytokines, such as IL-8, IL-1, IL-2, IL-10, TNF-β, and IFN-γ, as reported in several studies (24, 25) . However, detailed mechanisms underlying the exact role of PA and SA, or their product-to-precursor ratios in predicting aGVHD risk, have not been fully studied.
Many human cancers are accompanied by increasing fatty acid synthesis and abnormal fatty acid utilization (26, 27) . Fatty acids also have antitumor activity (28) , although the relationship between fatty acid intake and leukemia relapse has not been fully understood. Nevertheless, our data are consistent with the previous reports suggesting that aGVHD lowers relapse rates in leukemia (29) . This phenomenon is probably due to a durable antileukemic effect in patients with GVHD (30) .
We believe that SA and PA may be important metabolites in the development of aGVHD, since their levels change very early in the process. In our study, nearly 50% of patients suffered aGVHD within 30 days after transplantation, whereas the disease occurred in 8 patients on or before day 14. It is possible that aGVHD had already started on day 7, resulting in increased biomarker levels, even though clinical symptoms were not obvious until days or weeks later. The SA/PA ratio in our study was not different between the aGVHD and non-aGVHD groups on day 14. Hartwell et al. also reported differences in biomarker levels in peripheral blood samples collected on day 7 after transplantation (31) . Additionally, we found that SA, PA, and the SA/PA ratio were not useful in monitoring patients with existing GVHD. Although detailed mechanisms connecting aGVHD and SA or PA intake remain to be investigated, our preliminary data suggest that mechanisms of action of these metabolites are probably different from those of other known markers, such as ST-2 and Tim-3.
In conclusion, our findings suggest that the SA/PA ratio is an excellent biomarker to predict both aGVHD risk and relapse. The higher SA/PA ratio is associated with lower aGVHD risk and higher relapse rates. The serum SA/PA ratios measured on day 7 after transplantation may improve risk stratification for aGVHD and relapse after allogeneic HSCT.
Methods
Patient selection and sample collection. All patients (n = 114) who underwent allogeneic HSCT at The First Affiliated Hospital of Soochow University from January 2012 to May 2014 were enrolled in this study. Serum samples were collected on days -9, 0, 7, and 14 after transplantation. aGVHD was graded according to the modified Glucksberg criteria. The characteristics of patients are summarized in Table 1 , and the clinical outcomes have been summarized in the Supplemental Clinical Outcomes. All clinical venous blood samples were collected in the morning and centrifuged at 1,500 g for 15 minutes. Each serum sample was divided into equal aliquots and stored at −80°C until analysis.
Discovery set and validation set. We randomly selected 13 patients with 0-I aGVHD and 15 with II-IV aGVHD to set up a discovery set. The rest of the patients (59 patients with 0-I aGVHD and 27 with II-IV aGVHD) were included in the validation set. Our metabolic analyses always began with the discovery set.
Sample preparation. The sample preparation protocol for GC-MS analysis has been described previously (32) . After thawing at room temperature, 100-μl serum samples were mixed with 400 μl cold acetonitrile, including 20 mg/ml 2, 4-dichlorobenzoic acid as internal standard. After vortexing, the mixture was centrifuged at 16,000 g at 4°C for 15 minutes to precipitate the proteins. The supernatant was transferred to a new tube and dried with vacuum. The dried samples were redissolved with 50 μl methoxyamine pyridine solution (15 mg/ml) and treated with an ultrasound for 15 minutes at room temperature. Subsequently, oximation reaction was conducted in a water bath at 70°C 1 hour, followed by 1 hour silylation with 50 μl Figure 6 . The cumulative incidence of relapse and nonrelapse mortality between patients with low and high SA/PA ratios. According to Gray's test, patients with high SA/PA ratios (n = 52) had greater chance to experience relapse (P = 0.04) compared with patients with low SA/PA ratios (n = 62). There was no significant difference in nonrelapse morality between the two groups (P = 0.89). insight.jci.org https://doi.org/10.1172/jci.insight.99672
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N-Methyl-N-trimethylsilyl trifluoroacetamide in a water bath at 40°C. Finally, the derivatized samples were centrifuged at 16,000 g for15 minutes, and the supernatant was analyzed by GC-MS.
GC-MS. Serum metabolite profiles were obtained by Agilent 7890/5975C GC-MS (Agilent Technologies). One microliter derivatized sample was injected into a DB-5 fused silica capillary column (30 mm × 0.25 mm × 0.25 μm, J&W Scientific) in a split mode (ratio 10:1). The carrier gas (99.9% helium) was operated with a constant flow rate of 1.1 ml/min. The initial column temperature of 80°C was maintained for 5 minutes and then increased to 170°C at 5°C per minute intervals and to 300°C at 10°C per minute intervals. The temperatures of inlet ion source and the electron ionization source were 280°C and 230°C, respectively. Mass spectra were acquired in the full scan mode with m/z 30-600. Serum metabolite identification was conducted using the NIST 11 Mass Spectral Database (https://www.nist.gov), followed by retention index and confirmation of authentic standards.
Statistics. The metabolic peak extraction and detection were conducted at an Agilent GC-MS workstation. Raw MS data were imported into AMDIS 32 (NIST) for mass spectra detection, deconvolution, and identification. The metabolic variables with at least 80% missing values were removed (33). A A significant difference between the 0-I aGVHD group and the II-IV aGVHD group for stem cell source was seen (P = 0.002). B Significant differences between the relapse and nonrelapse group were seen in disease classification (P = 0.02), disease risk (P = 0.003), and disease status at HSCT (P = 0.017).
C Disease risk at diagnosis according to the risk stratification of the National Comprehensive Cancer Network (2016 version). D Donorpatient pairs were considered matched if all 10 HLA-A, -B, -C, -DRB1, and -DQB1 alleles matched for related and unrelated marrow. ALL, acute lymphoblastic leukemia; AML, acute myelogenous leukemia; NHL, non-Hodgkin's Lymphoma; CR1, complete remission at first course; BM, bone marrow; PSC, peripheral stem cells; MNC, mononuclear cells; values shown for CD34 + cells indicate number of cells in millions; BU, busulfan; Cy, cyclophosphamide; TBI, total body irradiation. insight.jci.org https://doi.org/10.1172/jci.insight.99672
Afterward, the data matrix, including metabolic variables and peak areas, were stored in comma-separated values format and imported into the MetaboAnalyst (http://www.metaboanalyst.ca). Before data processing, sample normalization (row wise) by internal standard (2, 4-dichlorobenzoic acid) and feature normalization (column wise) by Pareto scaling was conducted. Finally, false discovery rate correction, performed using the Benjamini-Hochberg method (q < 0.10), was applied to all data involving multiple comparisons to reduce the false positive rate. Representative GC-MS total ion chromatograms and metabolite abundance quantified in serum samples over two quality control replicates are shown in Supplemental Figures 1 and 2 , respectively. In order to better visualize the plasma metabolite differences among these complex data sets, pattern recognition analysis-principal component analysis (PCA) was used to investigate the cluster data from the patients. Compared with other time points, an obvious separation trend was observed between these two groups (although slight overlapping was seen) in the PCA plots on day 7, which indicated that alternations of serum metabolome were relatively more evident at that time point. Therefore, differential metabolic features were selected from samples on day 7.
The main endpoints of this study were overall survival, disease-free survival, and relapse. The differential variables were selected based on P value from the 2-tailed t test (P < 0.05), false discovery rate (FDR) < 0.2, and AUC of the ROC analysis (AUC > 0.7). Logistic regression, Cox regression, competing-risks regression, and leave-one-out cross-validation were used to evaluate the association of the potential metabolites with the occurrence of aGVHD, overall survival, progress-free survival, relapse, and mortality without relapse. The models were compared with hazard ratio, AUC, and a continuous form of the net reclassification index. Cox regression was also used to evaluate the association of the potential metabolites with the occurrence of CMV or EBV reactivation or bacterial infection within 30 days after transplantation.
Study approval. The study protocol followed the guidelines in the Declaration of Helsinki and was approved by the Hospital Ethics Committee at The First Affiliated Hospital of Soochow University. No commercial sponsor was involved in the study. Written informed consents were obtained from all patients.
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